Understanding speciation in pelagic marine organisms is difficult due to poor knowledge of their systematics and distribution. This paper examines the systematics of the squid genus Pterygioteuthis and its distribution and speciation in the eastern tropical Pacific Ocean. A morphology-based phylogenetic analysis identifies two clades: the P. giardi group (P. giardi giardi and P. giardi hoylei) and the P. gemmata group (P. gemmata and P. microlampas). Based on its morphological and biogeographic differences from P. giardi giardi, the subspecies P. giardi hoylei (fide Nesis, 1987 ) is elevated to species status and a neotype designated. Also, to clarify taxonomic issues in the P. gemmata group, a neotype is designated for P. microlampas Berry, 1913. These strictly pelagic taxa have distinct distributions; P. hoylei is the only pyroteuthid to occur in the relatively isolated eastern tropical Pacific (ETP), while P. giardi inhabits the temperate north and south Pacific (excluding the ETP) and the Atlantic. Pterygioteuthis microlampas is known only from off the Hawaiian Islands and New Zealand, while P. gemmata extends throughout the temperate Pacific (excluding the ETP) and Atlantic. This study represents the first detailed cladistic analysis of Pyroteuthidae and generates new hypotheses regarding speciation in the open ocean.
INTRODUCTION
Correctly circumscribing species distributions is important for understanding speciation in the open ocean and for determining whether widely distributed taxa maintain gene flow across thousands of miles through varied currents, temperatures, salinities and productivity regimes. However, the pelagic realm is difficult to sample and discovering the processes that shape speciation and distribution remains problematic. One area in which physical oceanography has been well characterized is the eastern tropical Pacific (ETP; c. 238N to 38S and 808 to 1508W). Bounded by steep northern and southern thermal gradients, the wide expanse of the Pacific to the west, and Central America to the east, the ETP maintains community-level stability in spite of extreme regional fluctuations in temperature, oxygen and salinity (McGowan, 1974) . The ETP is also strongly influenced by its expansive oxygen minimum zone (OMZ), and circumscribed by various currents. The OMZ (100-1,000 m depth) is most extreme in the 10-208N region, off the coast of Central America, but occupies a wide area of the ETP, extending westward to at least 1508W (Brinton, 1962 (Brinton, , 1979 McGowan, 1974; Saltzman & Wishner, 1997) . The currents influencing the ETP include the North and South Equatorial Currents, the California Current and the North Equatorial Countercurrent (Longhurst, 2007) . The ETP exhibits high diversity and productivity with a high level of intertidal and coastal endemicity (e.g. Brinton, 1962 Brinton, , 1979 Brinton, , 1980 Roy, Jablonski & Valentine, 1996; Palumbi et al., 1997) , but the distribution of many pelagic organisms remains largely unexamined.
Factors such as the physical and biological properties of water masses, and the location and timing of reproduction are known to facilitate speciation of open ocean fauna (e.g. McGowan, 1974; Roy et al., 1996; Palumbi et al., 1997); they also likely affect squids (Cephalopoda: Decapodiformes). However, the study of pelagic squids (Decapodiformes: Oegopsida) is particularly challenging given their high mobility. Firefly squids of the genus Pterygioteuthis Fischer, 1896 (Oegopsida: Pyroteuthidae) are among the most abundant and widespread mesopelagic cephalopods in temperate and tropical oceans. They are extremely small squids, generally with mantle lengths (MLs) of ,34 mm and are most readily identified by having hooks on arms I-III, and by the numerous photophores in their body cavity, around their eyes and along their tentacle stalks.
Two of the three known species are believed to have worldwide distributions; Pterygioteuthis giardi Fischer, 1896 and P. gemmata Chun, 1908 occur both in the Atlantic and Pacific, while P. microlampas Berry, 1913 is limited to the Pacific. Pterygioteuthis giardi is the only species identified from the Indian Ocean (Chun, 1910; Nesis, 1973 Nesis, , 1974 Nesis, , 1986 Nesis, , 1987 . In the ETP, Hoyle (1904) noted that four specimens of P. giardi differed from Atlantic individuals in hook size on arms I and in the number of hooks and suckers on arms II-IV. Pfeffer (1912) later described this Pacific form of P. giardi as Pyroteuthis (Pterygioteuthis) giardi var. hoylei, citing further differences in size of hooks on arms IV. However, Pfeffer's work was based entirely on Hoyle's (1904) paper with no further examination of any specimens, and Pfeffer designated no types. Subsequent studies that examined oceanic squids from this area reported this species as either P. giardi (Young, 1972; Okutani, 1974) or P. giardi hoylei (Nesis, 1973) . The distribution and validity of P. giardi hoylei have not been examined, and the taxon is currently known only from Hoyle's two localities, the Gulf of California (27834 0 N, 110853 0 40 00 W) and off the Galapagos Islands (2834 0 N, 82829 0 W). Pterygioteuthis giardi has been recorded to occur from Hawaii to New Zealand and into Atlantic and Indian Oceans (Chun, 1910; Nesis, 1987; Young & Mangold, 1996) , although the distributions of the two subspecies have not been fully examined.
To understand the extent to which oceanic processes shape species distribution in mesopelagic squid, species biogeographic patterns must be more precisely determined. This study uses museum specimens to examine the systematics of the squid genus Pterygioteuthis and the taxonomy of P. giardi and P. giardi hoylei, by evaluating morphological variation and the distribution of known species.
MATERIAL AND METHODS

Taxon sampling and character coding
Over 100 individuals (Supplementary material, Appendix 1) representing the three known Pterygioteuthis species (P. giardi giardi, P. gemmata and P. microlampas), the subspecies in question (P. giardi hoylei), three species from the genus Pyroteuthis and two species from the purported sister family Lycoteuthidae (Young & Harman, 1998) were examined at or loaned from the Natural History Museum, London (BMNH); National Museum of Natural History, Smithsonian Institution, Washington, DC (NMNH); the Museum of Natural History, Paris (MNHN), Scripps Institution of Oceanography Pelagic Invertebrate Collections, San Diego (SIO-PI), the Santa Barbara Museum of Natural History (SBMNH) and the University of Hawaii, Honolulu (UH). Atlantic examples of cosmopolitan taxa (P. gemmata, P. giardi giardi) were also examined to assess regional and global variation. To obtain size ranges, measurements were taken from 79 pyroteuthids (Supplementary material, Appendix 2). To compare geographic distribution with morphological variation in the Pacific, a distribution map based on all material examined was generated using the freeware Planiglobe (www.planiglobe.com).
A character matrix (Table 1) was built using the following 24 characters, which were scored in MacClade (Maddison & Maddison, 2005) for all specimens listed in Supplementary material, Appendix 1. 
Phylogenetic analyses
To generate hypotheses of relationships within Pyroteuthidae and examine the phylogenetic position of P. giardi hoylei, a phylogenetic analysis was conducted on the character matrix 
Pyroteuthis margaretifera
See the Material and methods section for description of each character and character state. Dash indicates that the character was not applicable for a particular OTU. Query indicates that a particular character state could not be confirmed by the author.
( Table 1) in Winclada using NONA (Nixon, 2002) . Character states were treated as unordered, reversible and unweighted. Parsimony analyses were conducted using five independent Ratchet searches, each with 500 iterations (5 trees held, 10% characters sampled, with Lycoteuthis springeri (Voss, 1956 ) designated as the outgroup). Branch support was evaluated using 1,000 jackknife replicates (Farris et al., 1995) .
RESULTS
Parsimony analyses of 24 characters for 11 operational taxonomic units (8 taxa) generated a single tree (length ¼ 35, consistency index ¼ 0.97, retention index ¼ 0.98), which supports monophyly of Pyroteuthidae and both genera. Within the Pyroteuthis clade, Py. addolux and Py. serrata are indistinguishable based on the morphological characters considered. Pyroteuthis addolux and Py. serrata are most easily discernable by the distribution and structure of their tentacle photophores (Riddell, 1985) , which structurally and positionally differ from those in Pterygioteuthis and were therefore not examined in this study. Within Pterygioteuthis, two clades are recovered: a P. gemmata clade containing P. gemmata and P. microlampas; and a P. giardi clade containing P. giardi giardi and P. giardi hoylei (Fig. 1) . Members of the P. giardi clade are united by similarities in buccal membrane, sucker, hook and hectocotylus morphology ( Table 2 ). The morphological characters examined did not separate the Atlantic and Pacific (from Hawaii) specimens of P. giardi giardi.
However, the substantial differences between P. giardi giardi and P. giardi hoylei warrant the elevation of P. giardi hoylei to species status. Pterygioteuthis giardi hoylei has distinct hook, tentacle photophore and chromatophore morphologies and is considered a separate species from P. giardi giardi (Table 3, Figs 2-5). Although P. giardi giardi and P. giardi hoylei share numerous features, the tentacle morphology and chromatophore patterns of P. giardi hoylei (Fig. 5 ) are more similar to those of P. gemmata and P. microlampas.
Members of the P. gemmata clade share several characters, including the five small photophores on the ventral eye surface, arm and tentacle sucker morphology and hectocotylus shape (Table 2, Fig. 4 ). Although P. gemmata and P. microlampas are morphologically similar, they can be distinguished primarily by the number of hooks on male arms III (character 21): P. gemmata has .10 hooks while P. microlampas has 5-7 hooks.
Mature specimens of P. gemmata are also generally larger than P. microlampas (Supplementary material, Appendix 2), but this character was not quantified for these analyses. Examination of Atlantic and Pacific specimens of P. gemmata revealed no morphological differences (see Supplementary material for measurements).
SYSTEMATIC DESCRIPTIONS
Family Pyroteuthidae Pfeffer, 1912 Pyroteuthinae Pfeffer, 1912 . Thiele, 1935 . Nesis, 1973 . Okutani, 1972 . Young, 1972 . Nesis, 1987 . Pyroteuthidae-Clarke, 1988 . Sweeney & Roper, 1988 . Pterygiomorphae-Chun, 1908 . Chun, 1910 Diagnosis: Gladius length (GL) 16-50 mm, ML 11 -45 mm in adults. Mantle conical, tail sharply pointed. Fins: rounded, separate; length c. 35% GL, width c. 25% GL. Gladius: small, strongly pointed conus extends into tail without additional fleshy extension; rostrum absent. Arms I -III with hooks and suckers, either in ventral series only or two rows. Tentacles with permanent constriction and bend (bulge) near base (¼ tentacle elbow). Buccal membrane reddish to purplish in colour. Eight buccal supports: primary connectives attach to dorsal margins of arms IV; secondary connectives attach ventrally to arms I and II. Photophores on viscera, eyeballs, tentacles.
Remarks: Chun (1908) designated Pterygiomorphae as a group that included both Pterygioteuthis and Pyroteuthis but this name lacks nomenclatural standing because it is not based on a valid genus . Pfeffer (1912) introduced the family name Pyroteuthinae as a subfamily containing Pyroteuthis and Pterygioteuthis. Clarke (1988) -Hoyle, 1904 : 39, 51, pl. 7, 9. ?Chun, 1910 : 87 -105, pls 12 -16. Okutani, 1974 : 47-51, fig. 10. ?Riddell, 1985 764 -67, 15 November, 1967) . This is the best-preserved specimen of a lot (SBMNH 62158) of several collected near one of Hoyle's original localities, in the Gulf of California. The few specimens collected off the Galapagos Islands are in poor condition.
Etymology: Pfeffer (1912) named P. giardi hoylei after William Evans Hoyle, a noted cephalopod taxonomist who described many new species, including the morphological variant of P. giardi.
Material examined: Forty specimens from seven Pacific localities (see Supplementary material, Appendix 1 for details on collection localities, sex, size and SM, Appendix 2 for measurements).
Diagnosis: Hooks in two series on arms I-III. Arms I hooks gradually decrease in size distally. Tips of arms II and III lack suckers, hooks. Arms III with 0-2 proximal suckers, 4-6 hooks in males. Two large teeth on hectocotylus plate. Four tentacle photophores; chromatophores on tentacle elbow, along stalk, in a single row around the aboral edge (Fig. 2 ) of club; club expanded slightly. Eye with 10 large, 5 small photophores.
Description: GL 16-31 mm in adults. Arms I: 16 -20 suckers proximal to 2-10 hooks of roughly equal size; 16-40 small, globular, distal suckers (Fig. 3A) . Arms II: 10-14 suckers proximal to 4-6 hooks; ventral hooks and sheaths can be enlarged in males; distal region bare (Fig. 3B ). Arms III: 0-2 suckers proximal to 4-6 hooks (4 -6 males, 4-10 females); ventral hooks and sheaths may be enlarged in males; distal region generally bare, occasionally 0 -2 proximal suckers (Fig. 3C) . Female arms IV lack suckers and hooks. Male right arm IV: 1-3 hooks, occasionally 2 hooks and 1 very small sucker (Fig. 3D) ; hectocotylus plate with two large teeth, no suckers or hooks on hectocotylus (Fig. 3E) . Tentacle club manus slightly widened; four series of equal-sized suckers (Fig. 4A ). Four tentacle photophores; one large spherical photophore at bend near tentacle stalk base (¼tentacle elbow); two spherical photophores along stalk midline, one small spherical photophore at club base (Fig. 4D ). Tentacular chromatophores: densely concentrated at tentacle elbow, along stalk, at base of tentacle club, extend in single row along each aboral margin of the club (Fig. 5C, D) . Chromatophores on funnel, under edge of each mantle -funnel-locking apparatus, across funnel, along lateral edge to midline (Fig. 5A, B) . Oral surface of buccal crown with ridges, no papillae (Fig. 4C) .
Distribution: Pterygioteuthis hoylei is the only pyroteuthid found throughout the ETP (Fig. 6) , occurring in greatest density from the Gulf of California south to the waters off Central and northern South America, and west to the Line Islands. The species may be abundant in the waters between Central America and the Line Islands based on its prevalence throughout the rest of the ETP (Okutani, 1974 , although additional sampling is needed to establish population densities. Riddell (1985) noted that P. giardi occurs off New Zealand (see below), although he reported the presence of four tentacle photophores on his specimens, indicating that they may either be members of P. hoylei or an undescribed taxon. Pterygioteuthis hoylei may also occur in the Indo-West Pacific: Nesis (1973 Nesis ( , 1986 ) assigned specimens from the Indian Ocean to P. giardi hoylei, but gave no morphological basis for this identification and later (Nesis, 1987) stated that P. giardi hoylei occurred the Indian Ocean based on descriptions by Chun (1910) . Chun (1910) assigned specimens from this region to P. giardi, although described arms III as lacking proximal suckers, a characteristic of P. hoylei. However, Chun's specimens had hooks on arms I in two distinctive sizes, and his illustrations (Chun, 1910: pl. 14, fig. 1 ) of the tentacle morphology and chromatophore patterns show characters more indicative of P. giardi than P. hoylei. Chun did not discuss the tentacular photophores. Further examination of specimens from this region is required. The distribution of Pterygioteuthis hoylei and P. giardi near the Line Islands is noteworthy. Both species occur at c. 1458W near the Line Islands; specimens of P. hoylei examined here occurred from 78N to 128N, while P. giardi specimens were collected from 38S to 38N. Specimens from this region are most easily differentiated by the number of tentacle photophores (four in P. hoylei, two in P. giardi). Remarks: Nesis (1987: 181) treated P. giardi hoylei as a valid subspecies of P. giardi, because a variety is considered as of subspecific rank if published prior to 1961 (ICZN, 1999: Art. 45.6.4). The original description by Pfeffer (1912) . Due to the confusion over the ranges of P. giardi, P. gemmata and P. hoylei in the Pacific, and the apparent morphological variation seen across populations (this study), the designation of a neotype is warranted.
Pterygioteuthis hoylei shares several characters with P. giardi: the presence of five small photophores on the ventral eye surface, two large teeth on the hectocotylus plate, and the absence of suckers on the tips of arms II-III. The differences between these species are summarized in Table 3 . Although found here to belong to distinct clades, P. gemmata, P. microlampas and P. hoylei share dense chromatophores over the tentacle stalk photophores (Fig. 5) , implying that they affect the amount of light emitted or reflected by the photophores.
Pterygioteuthis giardi Fischer, 1896 ( Fig. 4E ; additional colour photographs available online at www.tolweb.org/Pyroteuthidae) Pterygioteuthis giardi Fischer, 1896: 211, pl. 7, 9 : figs 1 -7 (N. Atlantic, off Morocco; holotype: MNHN 3-7-727). ? Chun, 1910 : 87-105, pls 12-16. Young et al., 1998 : 251. (Not Okutani, 1974 : 47 -51, fig. 10. Not Riddell, 1985 .) Pyroteuthis (Pterygioteuthis) giardi -Pfeffer, 1912: 157 -158 . Pterygioteuthis giardi giardi- Nesis, 1974 : 276. Nesis, 1987 fig. 46L -O.
Material examined: The type specimen, a female (ML 19 mm), in moderate condition with some arms removed. Fifteen additional specimens from six localities (Supplementary material, Appendices 1, 2).
Diagnosis: Pterygioteuthis with hooks in two series on arms I -III. Arms I: proximal 4-6 hooks distinctly larger than distal hooks. Tips of arms II -III lack suckers and hooks. Arms III: 4-6 suckers proximal to 2-4 hooks in males. Hectocotylus plate with two large teeth. Tentacles with two spherical photophores. Stalk lacks chromatophores on distal half; club lacks chromatophores, not expanded. Eye with ten large, five small photophores (Fig. 4E) .
Description: GL 15-21 mm. Arms I: 6-7 pairs of suckers proximal to hooks in two sizes: 2-4 large hooks proximal to 6-10 small hooks; many rows of small, globular suckers distal to hooks. Arms II suckers (generally four pairs in males, 6-7 pairs in females) proximal to 2-6 hooks; ventral hooks, sheaths may be enlarged in males; distal region generally bare, occasionally with 1 -2 small suckers. Arms III suckers (2 -3 pairs in males, 3-5 pairs in females) proximal to 2 -4 hooks; ventral hooks and sheaths can be enlarged in males; distal region generally lacks suckers; occasionally one small sucker present. Female arms IV lack suckers and hooks. Male right arm IV: 2 hooks or 1 sucker and 1 hook (see P. hoylei Fig. 3D ). Hectocotylus plate: two large teeth, no suckers or hooks. Tentacle club manus not noticeably wider than tentacle stalk; four series of equal-sized suckers. Tentacle with two spherical photophores; one at base and one midway along midventral line. Chromatophores absent from distal half of tentacle stalk, club. Ventral funnel lacks chromatophores; occasionally one small chromatophore under edge of each mantle -funnellocking apparatus. Oral surface of buccal crown with ridges, papillae absent.
Distribution The north Atlantic and north Pacific forms of P. giardi exhibit little to no variation in the morphological characters considered. Further examination of specimens from southern latitudes could yield morphological differences or reveal a separate species. The Atlantic range of P. giardi is extensive; the species occurs from 408N to 348S (M. Roeleveld, personal communication), from North American to Europe (e.g. Lu & Clarke, 1975; Roper & Young, 1975) , south along Figure 6 . Distribution map of Pterygioteuthis species in the Eastern Pacific. Filled circle, P. giardi; filled square, P. gemmata; filled triangle, P. microlampas; times, P. hoylei. The ETP region is shaded in grey (Brinton, 1962 (Brinton, , 1979 (Brinton, , 1980 McGowan, 1974; Longhurst, 2007) . The range of the OMZ in the ETP (Brinton, 1980 ) is indicated by dark grey, hatched lines. Note: this range does not imply a homogenous OMZ, some areas may have an oxygen minimum concentration of 0.05 ml/l while others have 0.25 ml/l (Sverdrup, 1939) .
the African (e.g. Nesis, 1987) and South American continents, at least to the Falkland Islands (Clarke, 1966) . Chun (1910) reported P. giardi from the Indian Ocean, but these specimens were later identified as P. giardi hoylei by Nesis (1987) . Pterygioteuthis giardi appears to have a narrower distribution in the Pacific (Fig. 6 ), although this could be due to a lack of sampling; it is known to occur off Hawaii (Young, 1978) , southwest of the Line Islands ( present study) and has been suggested to occur off New Zealand (Riddell, 1985 ; but see discussion of P. hoylei above). Nesis (1972) also identified P. giardi from off Peru, but did not designate the subspecies. The distribution of P. giardi may overlap with that of P. hoylei at c. 1458W near the Line and Hawaiian Islands, although additional sampling is needed to confirm its range in this region.
Remarks: In P. giardi the distal tentacle stalk and club are the least well defined of all Pterygioteuthis species, and the club lacks both chromatophores and photophores, implying that the tentacle may have been reduced in this species. Differences from P. hoylei are given in Table 3 . Pfeffer (1912: 148, 162, pl. 19 , figs 33 -34) described a species Pyroteuthis (Pterygonepion) planctonica, but stated that the absence of suckers on arms IV perhaps justified it being identified as Pterygioteuthis giardi. No further information is available regarding the validity of P. planctonica, so its place in the synonymy remains uncertain.
Pterygioteuthis gemmata Chun, 1908 ( Fig. 4D, F fig. 3 ; pl. 14, figs 2, 3, 6-12; pl. 15, figs 2, 3, 6-12; pl. 16, figs 1, 2, 5, 7 -19. Nesis, 1973 : 182. Riddell, 1985 : 17-18, figs 10, 11. Nesis, 1987 fig. 4 .16, fig. 46P -S. : 571. Young et al., 1998 . Pyroteuthis (Pterygioteuthis) gemmata-Pfeffer, 1912: 160.
Material examined: Forty specimens from six localities (Supplementary material, Appendix 1).
Diagnosis: Armature in two series; hooks in a single, ventral series on arms I-III; suckers in dorsal series. Hooks on arms I gradually decrease in size distally. Tips of arms I-III with suckers; distal suckers on arms I not globular. Arms III: 5-7 hooks in males and females. Hectocotylus plate with many small teeth. Tentacle with four photophores. Chromatophores concentrated at elbow, along stalk and at base of tentacle club, extend across entire aboral surface; club expanded slightly. Eye with 10 large, 4 minute photophores (Fig. 4F) .
Description: GL 17 -33 mm in adults. Arms I: 6 -8 pairs of suckers proximal to 2-5 sucker/hook pairs (hook sheaths may be enlarged in males), .10 rows of small suckers distally. Arms II: 4-6 pairs of suckers proximal to 1-4 hook/sucker pairs; hook sheaths slightly enlarged in males; 6-7 pairs of small suckers distally. Arms III: 2 pair suckers proximal to 5-7 hook/sucker pairs (males and females); hook sheaths not overtly enlarged in males; 4 -8 pairs of small suckers distally. Female, right male arms IV: two series of small suckers; suckers either extend length of arm or only on distal half. Male left arm IV hectocotylus plate with many small teeth. Tentacle club manus slightly widened, suckers in four series, enlarged dorsal suckers in proximal 2-4 rows. Four photophores on tentacle; one large spherical photophore on tentacle elbow, two spherical photophores along stalk, one small spherical photophore at club base. Tentacle chromatophores concentrated at elbow, along stalk in single row, at club base, cover entire aboral club surface. Chromatophores on funnel begin ventrodorsal to mantle-funnel-locking apparatus, extend along lateral edge of funnel, occasionally up and over ventral surface. Oral surface of buccal crown with papillae, few to no ridges (Fig. 4D) . Eye: 10 large, 4 minute photophores (Fig. 4F) .
Distribution: Pterygioteuthis gemmata is comprised of morphologically indistinguishable populations that occur in the Indo-West Pacific (Nesis, 1986) , eastern Pacific (Fig. 6) and Atlantic Oceans, indicating a single, broadly distributed species. Although P. gemmata and P. microlampas are known to co-occur off New Zealand, their ranges overlap minimally (Riddell, 1985) .
Remarks: Pterygioteuthis gemmata shares several characters with P. microlampas such as four small eye photophores, many small teeth on the hectocotylus plate, and suckers on the tips of arms II-III. Pterygioteuthis gemmata is most easily distinguished from P. microlampas by its larger size (mature adult GL 17-33 mm) and the presence of .5 hooks on arms III (P. microlampas has fewer than 4). Pfeffer (1912: 160, pl. 19, figs 31-32) described an immature (12.5 mm) damaged specimen, which he hypothesized could be a juvenile P. gemmata. However, the eye photophores were so badly damaged that he could not be certain, so he described it as a new species, Pyroteuthis (Ioteuthion) schnehageni.
Because this specimen appears to have been lost (M. Sweeney, personal communication) the identity of P. schnehageni remains uncertain.
Pterygioteuthis microlampas Berry, 1913 (Fig. 4B ; additional colour photographs available online at www.tolweb.org/Pyroteuthidae)
Pterygioteuthis microlampas Berry, 1913 : 566 (Hawaii; holotype lost; neotype here designated SBMNH 83477). Berry, 1914 : 35, 36, pl. 52: figs 1 -3. Riddell, 1985 fig. 11h . : 571. Young et al., 1998 : 251. Pterygioteuthis gemmata-Nesis, 1987 Type material: The original type material (holotype, USNM 214386) was collected off Molokai Island in the Kawai Channel, Hawaii. Sweeney & Roper (1998: 571) state that the holotype of P. microlampas is no longer extant as confirmed by M. Vecchione ( personal communication) . Given the limited number of characters differentiating P. gemmata and P. microlampas, the designation of a neotype is necessary to clarify any possible taxonomic confusion (ICZN, 1999: Art. 75 ). The neotype is a male, GL 18 mm, collected on the leeward side of the island of Oahu at c. 21823 0 N, 158818 0 W, by midwater trawling, at 1,500-4,000 m depth. This was the best-preserved specimen identified by R. Young, a taxonomic expert in Pyroteuthidae, geographically closest to the type locality. Diagnosis: Armature in two series; hooks in a single, ventral series on arms I-III; suckers in dorsal series. Arms I hooks gradually decrease in size distally. Tips of arms I-III with suckers; distal suckers on arms I not globular. Dorsal series of tentacle club suckers enlarged on manus (Fig. 4B ). Arms III: 2-3 hooks in males and 3-5 hooks in females. Four photophores on tentacle. Tentacle chromatophores concentrated at tentacle elbow, along stalk, at base of club, extend across entire aboral surface of club. Eye with 10 large, 4 minute photophores (Fig. 4F) .
Description: Maximum GL ,28 mm in adults. Arms I: 3-6 sucker pairs proximal to sucker/hook pairs (1 sucker/hook in males, three in females); hook sheaths greatly enlarged on all male hooks, small non-globular suckers distal to hooks. Arms II: up to 5 sucker pairs proximal to sucker/hook pairs (1-2 in males, 3-5 in females); hook sheaths in males enlarged; distal region with 4-8 pairs of small suckers. Arms III: suckers proximal (three pair in males, 4-5 pair in females) to sucker/hook pairs (2 -3 in males, 3-5 in females); hook sheaths enlarged in males (not as enlarged as arms I and II); 4-7 small sucker pairs distally. Female, male right arm IV: two series of small suckers; suckers extend entire length of oral surface or start midway to run distally along arm. Hectocotylus plate with many small teeth, male left arm IV lacks suckers, hooks. Tentacle club manus widened slightly; suckers in four series; proximal 2 -4 rows have enlarged dorsal suckers. Four tentacle photophores; one large spherical photophore at elbow, two spherical photophores along stalk, one small spherical photophore at club base. Tentacle chromatophores concentrated at elbow, form single row on stalk, at tentacle club base, across aboral surface of tentacle club. Funnel chromatophores begin dorsolateral to locking apparatus, continue up, across ventral funnel surface. Oral surface of buccal membrane with papillae, few to no ridges (Fig. 4D) . Eye with 10 large, 4 minute photophores (similar in appearance to P. gemmata, Fig. 4F ).
Distribution: Pterygioteuthis microlampas has only been collected near islands: Berry (1913) first described P. microlampas from Hawaiian waters (Fig. 6) and Riddell (1985) found P. microlampas off New Zealand. To fully assess the distribution of P. microlampas, more midwater sampling between Hawaii and New Zealand is needed.
Remarks: Young (1972) found that the characters used by Berry (1913 Berry ( , 1914 did not distinguish Pterygioteuthis microlampas from P. gemmata, but was reluctant to synonymize the two as the original specimens of P. microlampas had been lost. Nesis (1987) also questioned the validity of P. microlampas, considering it to be P. gemmata. Riddell (1985) examined additional specimens from Hawaii and found P. microlampas to be much smaller, to exhibit sexual dimorphism in arm hook number (Riddell, 1985: figs 12, 13) and to show differences in the hectocotylus plate, and therefore reaffirmed P. microlampas as distinct from P. gemmata. This study supports Riddell's findings; individuals of P. microlampas are much smaller than those of P. gemmata (Supplementary material, Appendix 2), and have fewer hooks on the third pair of arms.
DISCUSSION
The two pterygioteuthid clades demonstrated here present an interesting biogeographical case (Fig. 6 ): each contains one relatively widespread species (Pterygioteuthis gemmata, P. giardi) and another species with a much narrower range (P. microlampas, P. hoylei). In the case of the P. gemmata clade, the two component taxa overlap only slightly in the Pacific: P. microlampas is limited to the western Pacific from Hawaii (Berry, 1913 (Berry, , 1914 to just north of New Zealand (Riddell, 1985) and P. gemmata occurs in temperate waters from off Southern California (Young, 1972) to New Zealand (Riddell, 1985) . The two taxa in the P. giardi clade may overlap near the Line Islands; both species occur at c. 1458W near the Line Islands, P. hoylei seems to be restricted to 7 -128N, whereas P. giardi is found south of 38N. The potential lack of P. giardi from waters between 38N and 78N is interesting, because P. giardi migrates north to Hawaii while P. hoylei does not. However, specimens from this region were very limited; only four individuals from P. giardi and six from P. hoylei could be examined (Supplementary material, Appendix 1).
Pterygioteuthis hoylei is the only pyroteuthid species to occur in the ETP and has been collected from throughout the OMZ, although it is more common on its edges. Levin (2003) argued that, in benthic environments, the edges of an OMZ are a particularly bountiful habitat for predators able to withstand fluctuations in oxygen. The prevalence of euphausiids in the midwater of the OMZ (e.g. Brinton, 1980) suggests that P. hoylei could prey on these large zooplankton (Wishner et al., 1995) . While an OMZ occurs in Hawaiian waters, it is less extreme and does not occur as near the surface as in the ETP.
Given the broad distribution of P. giardi in the tropical west Atlantic, from off Florida (Cairns, 1976) to the Caribbean (Voss, 1960) , and its present-day absence in the ETP, the formation of the Isthmus of Panama roughly 3 million years ago may have split the ancestral population with Pacific individuals evolving into the species recognized here as P. hoylei (e.g. Knowlton & Weigt, 1998; Steeves, Anderson & Friesen, 2005) . Subsequent strengthening of the California (Weaver, 1990) , and potentially the Peru, Currents may have further isolated P. hoylei. The very small squids of Pterygioteuthis are not strong swimmers and likely do not regularly migrate in and out of the ETP, explaining why P. gemmata is found primarily north and east of the California Current and P. hoylei is restricted to waters south of 258N and in the Gulf of California (Fig. 6) .
The distribution of Pterygioteuthis in the Indo-West Pacific remains unclear due to a lack of available specimens. Records from the South Pacific (Riddell, 1985) and Indian Oceans (Chun, 1910) are suggestive of the presence in these areas of P. giardi, P. hoylei, or a yet undescribed species. Nesis (1973) believed P. hoylei to occur throughout the Indo-West Pacific, with P. giardi limited primarily to the Atlantic (Nesis, 1987) . Specimens described by Chun (1910) from the Indian Ocean are of unknown identity due to a lack of information on tentacle photophores. However, this study confirms that P. giardi occurs in the Pacific, at least near Hawaii and the Line Islands. The presence of P. giardi and P. gemmata in both Atlantic and Pacific waters suggests that gene flow is maintained across vast distances. The fact that pyroteuthids are unable to survive in Antarctic or sub-Antarctic waters indicates that their expansive range is not maintained via migration around South America or via the Antarctic Circumpolar Current system. Nesis (1972) reported P. giardi from off Peru to 208S; molecular study of specimens from these regions is needed to test the hypotheses of taxonomy and speciation presented here.
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